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Pressure and temperature change8 in the cooling a i r  flowing through 
air-cooled  gas-turbine blades have been measured experfmentally i n  a 
s t a t i c  cascade on a  10-tube  blade for  both  isothermal and nonisothermal 
flows, and on a l3-f i n  blade  for  isothermal flows. Values of pressure. 
and t q e r a t u r e  w e r e  obtained f o r  a range of cooling-air flows corre- 
sponding t o  Reynolds numbers from 5, OOO t o  40,000; a Mach Llumber range 
from 0.05 t o  1.00; and for heat-transfer rates produced by ra t ios  of 
hot-gas t o  blade-entrance  cooling-air  teqperature f r cm 3.08 t o  0.57. 

c Friction  coefficients were  computed for  a l l  of the temperature ra t ios  
and the  values w e r e  cwrpared w i t h  values of f r ic t ion  coefficient calcula- 
ted from yon K & d n t  s equation  for  turbulent flow i n  smooth  round pipes. 
When there was no heat transfer, the ccmputed coefficients for the 
l0-tube  blade agreed w i t h  those  values  calculated from the von K& equa- 
tion.  Friction  coefficients  obtaged f o r  the =-fin  blade w e r e  approxi- 
mately ll percent below the von Kmm& values, but they w e r e  i n  agreement 
w i t h  friction  coefficients  obtained for maU. rectangular  ducts of large 
aspect  ratio. When heat transfer  occurred,  the  friction  coefficient 
decreased w i t h  increasing  heat-transfer rates, i n  agreement with  other 
NACA experiments. The friction  coefficients w e r e  approximately 24 percent 
below the von K’& values when the  ra t io  of hot-gas t o  cooling-air 
t a p e r a t m e  w88 3.08. 

In  order to   ca lcu la te  an over-all pressure drqp through 811 air-cooled 
blade and reduce the labor  required i n  the numerical integration of the 
different ia l  equation of momentum, s m l i f i e d  one-dimensional flow equa- 
tions were developed for blades i n  s t a t i c  cascades and extended t o  blades 
i n  a  rotating  turbine. Over a range of blade spans f r c a n  2 t o  6 inches, 
heat-transfer  rates from 68 t o  272 Btu per hour per square  foot  per 9, 
and rat ios  of hot-gas t o  cooling-air  temperature from 1.00 t o  3.08, the 
errors in the computed blade-entrance  pressures  resulting from using 
these  short-cut methods  were within  approximately 5 percent of the meas- 

is required in the :Fmplified and the exact flow equations may be deter- 
mined from von K&nmn’s equation for  isoth 

4 wed  values. It was found that  the  value of friction  coefficient  that  
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the error i n  t h e   c . q u t e d  pressure: y y  be 88 much as 6 percent; If 
greater accuracy is desired, von Karman's value of friction  coefficient 
may be corrected  for  the  effect of heat transfer. A procedure for  the 
calculation of an over-all  pressure drop through an air-cooled blade fs 
suggested, and a numerical example is presented wherein a blade-entrance 
static pressure is computed using the.  simplified flow eqwtion for an 
air-cooled blade in  a s t a t l c  cascade. 

It w a s  found that  entrance losses t o  -ak-cooled  turbine  blades may 
be quite  large, comparable with those. inside the blade;  they  should be 
measured i n  any study of design performance. 

Air cooling of aircraft  gas turbines is  being  investigated at the 
NACA Lewis laboratory t o  find low-alloy steels that  may be substituted 
for the  cr i t ical ly   scmce high-temperature materials currently being used, 
and t o  find a m e a m  of increasing gas teIpperatures . i n  order to provide 
substantial  increases in  specific  parer output: In many aircraf t  engine 
applications,  the cooling air required far the engine w o u l d  be bled frcm 
the engine compressor. In order t o  minimize the ccmpressor work required 
f o r  the cooling a i r  and t o  keep the  cooling-air temperature as low 88 
possible, it is desirable t o  bleed the compressor a t  a poFnt a t  which the 
pressure  level is no higher than the required  coolant-supply  pressure. 
The factors which affect the required  coolant-supply  pressure and there- 
fore  the compressor bleed  point  are: (1) duct  losses from the canpressor 
to  the  turbine, (2) pressure  ratio of the air aa it passes though the 
turbine disk, (3) entrance  losses at the  entrance t o  the  turbine  blades, 
and (4) pressure  losses  through  the  turbine  bladee. The largest  pressure 
losses are expected t o  occur  through the blades and in  the  blade entrance 
sections;  therefore, a  knowledge  of the methods f o r  analytically evalua- 
t ing these two losses would greatly reduce the experimentation  required 
i n  determining blade losses and provide a design  basis for cooling 
systems capable of ef.ficient operation a t  the minimum coolant-supply . 

pressure  levels. 

Some  of the formulas required  for  calculating  the  pressure change 
between the root and the t i p  of air-cooled  turbine blades as w e l l  BB 
suggested experiments for  securing the need@ correlatiog data are given 
in  reference 1. These formulas are based on the analyses of references 2 
and 3, and the principal parameter  involved i n  the formulas is the 
friction  coefficient-in  the blade passage. Friction  coefficlents have 
not been previously measured i n  blade:coolant  passages or similar passage 
configurations. However; friction  coefficients  for  isothermal fully 
developed turbulent flow in  straight  pipes ha%e  been studied  extensively 
and are..briefly summidzed i n  reference 4 .  With the use of the equa;fons 
for  velocity  distribution  with fully developed turbulent flow, von Kam& 
(reference 5) predicts a relationship between friction  coefficient and 
Reynolds number fok. smooth pipes which fits. the q e r i m e n t a l  data. 
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Few data are available on friction  coefficients for nonisotherml flow, 
although methods are suggested in references 4, 6, and 7, whereby the 
friction  coefficient  obtained for isothermal flow can be  used for noniso- 
thermal flow if the Reynolds number used in  the  correlation is based on 
s p e c i a l   t q e r a t u r e s .  Some a a t ~  for rectangular air passages der 
nonisothermd  conditions are presented in reference 8.  

A pressure-drap  investigation was undertaken on two air-cooled 
turbine-blade  configurations in order t o  (1) determine q e r i m e n t a l  
friction  coefficients for both  isothermal and nonisothermal flows and 
thus check the valldity of using  pipe  friction  coefficients in calcu- 
lating  air-cooled-blade  pressure drop, (2) use  the  data  to develop a 
simplified flow equation for calculating over-all pressure drops tbrough 
&-cooled blades and thus eliminate the  tedious  step-by-step  numerical 
integration of the flow equation  reported i n  reference 3,  (3) use the 
data t o  examine the magnitude of entrance  losses which might be expected 
in   t he  entrance  sections of air-cooled  blades, and (4) recommend a 
procedure that  may be used for the  calculation of air-cooled-blade  pres- 
sure drops. 

'phis investigation was conducted In a static cascade  because a 
greater amount of instrumentation  could  be used. Pressure drqps  were 
measured experimentally for two air-cooled-blade  configuration8 for 
isothermal and nonisothermal flows . A 10-tube  blade wa8 chosen for one 
of the  blade  configurations because such a blade  appears t o  be promising 
and practical  for air-cooled turbine rotors (references 9 ,  10, a d  3l) . 
A S f i n  blade was chosen as  the  other  blade  configuration  primarily 
because it has an internal coolin@; passage which I s  quite  different from 
that of the 10-tube blade. 

The results of this  investigation are presented for a range of 
cooUng-air flows giving Reynolds nmibers frm 5000 t o  40,000; a Mach 
number range from 0.05 t o  1.00; an& for heat-transfer  rates produced by 
ra t ios  of hot gas t o  blade-entrance  cooling-air  teqerature from 3.08 
t o  0.57 for  the 10-tube blade; and f o r  a r a t io  of hot gaEl t o  blade- 
entrance c o o ~ - a i r  temperature of 1.00 for the 13-1 in bhde. 

General One-Mmensional Flar Equations 

The general  equations which give the  pressure  distribution  in one- 
dimensional gas flaw  through a  channel are  stated and derived in refer- 
ence 2 .  mese  general  equations  are  adapted to   the   case  of rotating 
blade  coolant  passages i n  reference 3, where the  pressure  distribution 
(in the  notation of this report) is given by the equation 
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( A l l  symbols used in this report are defined in qppendix 4. Thm, the 
pressure a t  any point can be c a l c u l a t e  f r a m  the  values of blade flaw 
area, Mach mnnber, and total cooling-air t q e r a t u r e  at that p o i n e  

The variation of Mach number of the ai r through.  the  turbine blade 
coolant  passage has been developed in reference 5 .  Thfs variation, i n  
the  notation of the present report, I s :  

The terms IT, Lp, IR, and I* are influence  coefficients equal t o  

2&1+ 4) 
IA = - 

1-?$ 

Becauee I+ I+, I& and IA are functione of M only, the Mach number 
distribution can be found from equation (2) vhen the temperatures, f r i c -  
t i on  coefficient,  rotation, and blade geometry are known. Then, sub- 
st i tut ion of the Mach numbers in equation (1) wfll give  the  static- 
pressure distribution through the blade. 
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Determination of Experimental Blade-Passage 

Friction  Coefficients 

In order t o  check experimentally the validity of us- pipe  friction 
coefficients to ccgqpute pressure drops through &-cooled blades,  the 
method discussed in reference 1 i n  conjunction  with  equation (2) can be 
used t o  determine 8 blade-passage friction  coefficient.  W s  operation 
consists of assuming a value of friction  coefficient, solving equation (2) 
numerically for a blade  entrance Mach number with an experimental value 
of blade exit Mach  mmiber, and then  adjusting  the  value of the  f r ic t ion 
coefficient  until  the  value  obtained for the entrance Mach n d e r  agrees 
with  the  experimental value of entrance Mach number. 

No heat transfer. - For the case of a stationary  constant-coolant- 
passage-area blade with no heat  transfer,  the temperature, rotational, 
and area terms of equation (2) drop out and the resulting  equation can 
be integrated directly  to  (see appendix B) 

The value of y is assumed t o  be 1.4 for the  air passing through the 
blade. Thus, for the case of no heat  transfer, a blade-passage f r ic t ion  
coefficient can  be  determined from equation ( 7 )  . 

Heat transfer. - For the  stationary  constant-coolant-passage-area 
blade,  with neat- transfer, only the  rotational and area terms of equa- 
t ion (2) drop out so that equation (2) may be  written 

Even  when reduced as in this case,  equation (8) cannot be integrated in 
an exact  closed form. It can, however, be integrated by the numerical 
methods reported i n  reference 3 and the blade-passage friction  coeffi-  
cient can be determined as explained In reference 1. For slmpUfication, 
a linear  variation of the  total  cooling-air teqperature through the blade 
passage is assumed because it was sham in references 2 and 3 that  the 
spanwise cooling-air  temperature  distribution curve is nearly  linear. 
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f o r  Calculation of Over-all  Pressure Drop 

The solution of equation (2) or (e), which is used Fn conjunction 
with equation (1) t o  obtain a pressme drop, involves a numerical inte- 
gration which is quite tedAous and tirne-comuming. Because In m m y  cases 
only the wer-aU pressure change through the   bhde  coolant passage is 
desired, a shorter method of obtaining  the  pressure change has been 
developed which dispenses vfth the step-by-step  numerical  integration of 3 
reference 3. Ln N 

Simglified  equation for s t a t i c  cascade. - When values of and 
If are substituted i n  equation (a), an integration can be carried-aut . " ". - 
(see appendix E for the derivation)  resulting i n  

The parameter cp wbich is used t o  evaluate the integral Js between 

the blase entrance and the  blade exit is a ra t io  of the  arithmetic and 
t rue value of - and is defined  as (see appendix B) 

$TI 

z [&)h + (A)-] 
T', - T h l J  $Tl 

1 

rp= - 1 dT' (10) T'in - 
T'ex 

The distribution of $ T I ,  needed. t o  evaluate the term under the  integral 
sign, can be obtained from a  numerfcal integration of equation (8) . By 
th i s  procedure, rP w i l l  be calculated for desirable ranges of M end 
TI, and charts ere presented 5n :this report frm which values of cp may 
be obtained for use in  equation (9) . These charts may be used f o r  blade 
configwatiom and conditions similar t o  those of this investigation. 

Shpl i f ied  equation for rotating  turbine. - For the  case of a 
rotating  turbine, wherein the  blade flaw area is assumed to be constant, 
the values of 4, Lp, and are  substituted in equation (2) and an 
integration is carried out (see appendix B for the  derivation) resulting 
i n  - 
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The subscript LD indicates  that cp is evaluated for a rotating  turbine. 
It will be pointed  out in a later section, however, that the effect of 
rotation on cp is negligible and that the c h a r t s  of rP for s t a t i c  
cascades  can  be  used  without  introducing any appreciable error. 

The parameter is defined as (see appendix B) 

This parameter is evaluated i n  8 manner similar t o  cp and charts  are 
presented i n   t h i s  report from which  values of $ may be obtahed  for 
use in  equation { 11)  . These charts may be used for blade  configurations 
similar t o  those of this investigation. 

Determination of Ekperimental  Entrance Loss Coefficient 

Aside from the pressure  loss  in the turbine blade, loeses occur a t  
other places  in the a i r  passage: a t  the  entrance  section t o  an air- 
cooled turbine blade; at  contractions, enlargements, or obstructions; 
and a t  bends. The change in velocity or velocity  distribution  entails 
losses which i n  some cases conprise a relatively  lerge  part  of the t o t a l  
loss and cause a considerable  part of the resistance  to flaw. In this 
investigation, the entrance  section t o  the air-cooled test  blade is 
essentially a sudden contraction  {see  fig. 1). Accordfng t o  reference 4 
(p. l22), the   f r ic t ion caused by a sudden contraction of the  cross- 
sectional  area of a pipe,  or  that  at a shsrp-edged entrance t o  a pipe, 
may be calculated f r a m  the formula 
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wh&e F is the  friction due t o  sudden contraction, foot-pound per 
pound of f Wd; Vin is the average linear velocity downstream, feet  
per second; and K is the  entrance loss coefficient which is a function 
of the r a t io  of the smaller cross-sectional area t o  the  larger. 

Jn order t o  calculate a value of K for  the entrance  section of 
the  air-cooled test blades wed in this  investigation,  equation (23 )  w a s  
rearranged 88 foUcw-6: 

where 

W Vin" 
PAB 

and 

When equations (IS) and (E) are substituted in equation (14) (where 
Ap' = pf  l-pf in and the result is divided by pin, 

P 

When equation (17) and eqerimental  data  are used, a curve can be plotted 
on logarithmic  coordinates fram which K can be  determined. 

Equations (7), (8), and (17), presented in  the AmAI;y8IS section, 
may be ubed to  calculate  the experimental  blade-passage friction  coeffi-  
cients and. an experimental  entrance loss  coefficient once the  appropriate 
t o t a l  and static  pressures,  the t o t a l  cooling-air  temperatures,  the weight 
flow of the air passing through the blade, and the  blade geometry e r e  
knm. This investigation of friction  coefficients and entrance los~les 
far air-cooled  blades was conducted. in a s t a t i c  cascade wherein a greater 
amount of instrumentation could be installed than in an actual  rotatin@; 
turbine. 
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A sectional view of the  blade test section used i n  thia  investigation 
is shown in figure 1. Ccmibustion a i r  paeaed successively through a flat- 
plate  orifice, a combustor, a plenum  chamber, the test section, and into 
the exhaust system. For the  heat-transfer  investigations, a gasoline 
combustor,  which was  capable of giving gas temperatures from 3000 t o  . 
1000° F, was used. The inlet duct to   the  test section was equipped with 
a bellmouth t o  insure a uniform velocity  profile at the entrance t o  the 
cascade. The setup w a s  insulated  against  heat loss, f r o m  just damstream 
of the combustor t o  just downstream  of the test section. 

A cascade of seven  blades w a s  placed in the test section as sham 
in figure 2. The test blade, installed as the  center blade; was the 
only blade  through which air  was pasaed. m e  other six blades had the 
same profile as the   t es t  blade. The air that  was s q p l i e d  t o  the  tes t  
blade was obtained frm the  laboratory  refrigerated  air system; it could 
be heated by  means of an electric  heater i n  the supply l ine.  The a i r  
passed  successively  through a plerrum chamber,. the entrance-blade  exten- 
sion,  the test blade,  the  exit-blade  extension,  the plenum  chamber, a 
f lat-plate  orifice,  and then  into  the  laboratory exhaust system (see 
f ig .  1) . Because it was Inpossible t o  connect the plenum  chambers 
direct ly   to  the blade,  entrance and exit blade  extensions were used t o  
conduct the  a i r  from the  entrance plenum  chamber t o   t h e   t e s t  blade and 
from the test blade  to  the exit plenum  chamber. The entranoe-blade 
extension has a  span of 6 inches and the exit-blade  extension  has a span 
of 3 inches. Both artensions have an internal  free flaw area of 
0.043 square  inch, a m a u l i c  diameter of 0.396 inch, and slots cut  fnto 
their  surfaces in  order t o  reduce  the amount of heat conducted from the 
hot test blade. 

Blade Description 

The air-cooled  turbine  blade  configurations used Ln this  investi-  
gation are a 10-tube  blade and a =-fin blade. Photograghs showing the 
end  views of the two blades  are  presented  in  figure 3. The geometric 
factors  pertinent t o  the twp blade  configurations are given in   the  
following  table: 

I I 

B l a d e  chord, in. 
Outside perimeter,  in. 
Span, in. 
Total free-flaw  area of 

Eydraulic diameter of 
internal  cooling-air passage, sq in. 

internal  cooling-air passage, in. 

10-tube  blade 
2.00 
4.35 
3.92 
0.181 

.lo3 

=-fin  blade 
2.00 
4.53 
3.50 
0.0962 

.E70 
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10-tube  blade. - The 10-tube  blade used in this  investigation was 
the sane as the 10-tube  blades used in  the  investigation  reported i n  
reference 9. The outside wall af the  blade tapered l i n e a r l y  from the 
root t o  the  t ip  for reduction of stresses during engine operation. The 
taper was not r e w e d  far the cascade Fwestigatton, but it d i d  not 
affect  the  results  obtained. The nominal thickness of the w a l l  a t   the  
t i p  was 0.040 inch and a t   the  base, 0.070 inch. The blade shell was  
cast of high-temperature a 4 a y  X-40. The hollow blades w e r e  so  cast 
that  the  core  area was constant over the  length of the  blade. h order 
t o  increase  the internal heat-transfer surface, 10 tubes were inserted 
in  the hollow blade. They extended  through the  blade from tfp t o  base. 
These tubes were brazed t o  each other and t o  the<imi.de  surface of the 
hollow blade by 'Nicmbraze. O f  the  ten  tubes, four were 0.125-inch 
outside-diameter  stainless  steel  with a wall thicknese of 0.010 inch; 
and sFx were 0.156-inch autside-diameter  lar-carbon s t ee l  with a wall 
thickness of O.OL55 inch. The view of the  blade  tip (fig. 3) i l lust rates  
the  tube arrangement. The blade span, 3.92 inches, was the same as that 
of the blades investigated in reference 9. 

=-fin blade. - '  The =-fin blade used in this investigation was  
originally designed for heat-transfer  investigations i n  . a  s t a t i c  cascade. 
The blade was machined in two parts, and upon assembly the parts were 
welded together  at  the  leading  and..trailing edges; therefore,  the I3 
cooling f im are not. contFnuous (see fig. 31..  .%e-. f "-have an average 
thickness of 0.036 inch, and the average f ip  spacing I s  0.046 inch. The 
blade was machined from high-temperature a l loy  S-816. 

The 13-f in  blade  configuration had a span of 3.50 inches, which w m  
shorter than the span of the 10-tube hlade. The span was shorter because 
the  blade was origimUy designed for a cascade of blades of thie len&h. 
The difference in blade  1engths.does not affect  the  results of this 
investigation. 

Instrumenbation 

Ln order t o  calculate  friction  coefficients for a blade  coolant 
passage, it is necessary  that  the  pressures and the temperatures op the  
a i r  i n  the  blade passage be known for  a  range of a i r  flows. The inetru- 
mentation  used i n  this  investigation is shown i n  figure 1. Pressure 
taps and thermocouples were placed i n  the M e t  and exit plenum  chambers. 
Four static-pressure probes having an outside diameter o f  0.030 inch were 
inserted  into  four  representative passages of the Cest blade (see  fig. 1). 
Two probes were used t o  measure the s ta t ic  pressure at the blade  entrance, 
and two probes t o  measure the   s ta t ic  pressure a t   the  blade exit. The 
blade  temperature distribution w a s  measured by 11 therm6couples in the 
blade  wall mound the blade  perimeter a t   the  midspan. 

F --. 

A 

." ." 

. .. 
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In order to   correct   the  coo--air total tenqeratmes measured. in 
the plenum  chambers for any heat  picked up in   the  entrance- and exit- 
blade  extensions so  that   the  total   cooling-air  temperatures at the  blade 
entrance and exit could be  obtained, thermocouples were placed in the 
walls of the blade extensions. The entrance-blade  extension had 12 
spanwise thermocouples located  at   the midchord position and the  exit- 
blade extension had 7 spanwise thermocouples also located at the midchord 
position. It was assumed that  these thermocouples would give a repre- 
sentative  Integrated average of the w a l l  tenqeratures of the two exten- 
sions. 

The t o t a l  temperature of the ccrmbustion gas was measured with three 
thermocouples located in  the plenum  chamber upstream of the test section. 
!be air w e i g h t  flow was measured by meam of a flat-plate  orifice down- 
stream of the  test   section. 

!be  operating  conditions used i n  this investigation are listed in 
chronological  order in table I. Note that no-heat-transfer  iwestigations 
were conducted between heat-transfer  investigations  in order t o  provide 
a check on the experimental  setup. 

In order to  calculate  fr iction  coefficients from equation (7) and 
( 8 ) ,  the  cooling-air  static  pressures and t o t a l  temperatures are required 
at  the  blade  inlet and exit for a range of cooling-air weight flows. 
Pressure d r o p s  were obtained through the 10-tube and =-fin blades for a 
range of a i r  weight flows w i t h  no heat  transfer, TTg/Tr in = 1.00; a 
through the  10-tube  blade  with  heat  transfer, T1 g/T1 in > 1.00; and 
reverse  heat  transfer, Tfg/T' Fn 1.00. For the heat-transfer  investi- 
gations,  the  gas-to-blade  heat-transfer  coefficient was held a t  appraxi- 
mately 136 Btu per hour per  square  foot  per OF and the  heat-transfer 
r a t e  w a s  varied by changing the temperature of the  hot gas. 

Static  pressures were  measured in the  blades under investigation by 
Fnserting fm static-pressure probes i n  four  representative blade- 
coolant  passages (fig.  1). Ln this way, two static-pressure  readhgs, 
uhich w e r e  nearly  identical, were  obtained at the  blade  entrance and two  
readings at the blade exit. The two pressure  readings at the  blade 
entrance were averaged and the  resulting  value was assumed t o  be repre- 
sentative of the static pressure which would be obkained at the blade 
entrance if measurements  were made i n  each blade coolant  passage. This 
same procedure was applied  at the blade exit. 

. 
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Cooling-air t o t a l  temperatures were measured in  the  entrance and 
exit  plenum  chambers. For the  no-heat-trimfer  studies,.  these measured 
tqeratures were assumed t o  be the same 88 those  cooling-air  temperatures 
which would exist a t   the  blade  entrance and exit. In the heat-transfer 
stuaies, however, the cooling a i r  picked up heat as it passed. through 
the  entrance- and exit-blade  extensions.  Therefare,  the  temperatures 
that were  measured in the plenum chambers were so adjusted that the 
resulting  calculated  temperatures w e r e  those  occurring at the  blade 
entrance and exit. 

Far the  case of T'  g/T' in = 1.00, the combustion-gas flow wa8 sup- 

plied from the  laboratory air system a t  appraFmately looo F. The 
cooling a i r  was heated so that  the gas and cooling-air  temperatures were 
approximately the same. A gasoline ccmibustor was used when 
TVg/TV in > 1.00 so that the gas temperature  cquld be varied from 30O0 
to 1000° F. As before,  cooling a i r  was obtained f&n the  rarigerated" 
a i r  system but in this case  the  cooling-air  teqerature was allowed ta 
reslain at t h e   t q e r a t u r e   a t  which it was supplied. Aft& the  cooling- 
a i r  w e i g h t  flow was se t  by adjustments in the blade  pressure drop, 
frequent checks were made on the blade  temperatures in  order to  ascertain 
when steady  state  corditions were reached. . W h e n  the blade  teqperatures 
remained steady for approximately 15 minutes, the necessary  readings 
were taken. For T'g/T'in -c 1.00, the  air  passing through the  coolant 
paseage was  heated t o  temperatures of 3000 and 5000 F and the cambustion- 
gas flow remain& at- the temperature a t  which it was supplied, lo@ F. 

. " I- .I. ~ ~~ 

Once the  blade  entrance and exit Mach  llumbers and cooling-air total 
temperatures are: determined from the  data  obtained i n  the  static-cascade 
inveatigation,  experimental  friction.coefficients may be determined. 
The calculation of friction  coefficient  requires that the  distribution 
of &T' be determined f o r  all of the conditions of the heahtransfer 
case. These distributions are also used t o  evaluate  the parameters Cp 
and @ and the  resulting  values  are used t o  construct  the charts requfr 
far the  solution of the simplified flow equations (9) &d (E l ) .  In 
addition, the experimental  data are used t o  determine an entrance loss 
coefficient fo r  the  air-cooled blades under investigation. 

Method of Obtairdng Ekperimental Blade-Passage 

Frictian  coeff3cient 

The experimental blade-paseage friction  coefficient i s  calculated 
by use of equations (7) and (8) . In either eqgation, it is necessary 
t o  know the blade  entrance and exit Mach numbers. mese Mach  numbers 

. 
Y 

" 

. .  . " 
.. " 

" 

"I 

. . . .  

n 

1 
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are obtained from the following equation  (reference 3) 

The expression y d  (1 + $1 is tabulated as the fnfluence  coeffi- 

cient IC Fn table I of reference 3; therefore, M can readily be 
determined from IC once the right side of equation (Is) is c m p t e d  
frm experimental measurements. 

No heat transfer. - Once values of the blade span, the  hydraulic 
diameter, and the entrance and exit Mach numbers w e r e  known, experimental . 
blade-passage friction  coefficients  for the no-heat-transfer  studies 
w e r e  calculated from equation (7). 

Heat transfer. - Friction  coefficients w e r e  calculated from a 
numerical integration of equation (8) for  the  heat-transfer  studies. 
Because of the  effect of heat transfer, however, the cooling-air tempera- 
tures  that  w e r e  m e a s u r e d  in the  entrance and exit plenum  chambers  were 
not the  values that would occur a t  the blade  entrance and exit because 
the  cooling air pick6 up heat a6 it passes tPlrough the entrance- and 
exit-blade  extensions.  Berefore,  in order, to  calculate TI in and 

TT ex it is necessary t o  determine the amount of heat transferred from 
the w a l b  of the  entrance- and exit-blade  extensions t o  the cooling air. 
In this way, the  temperature rise of the  cooling air AT1 in  the  blade 
extensions can be comguted.  The following procedure is used t o  determine 
AT' ; f o r  example, the  heat  transferred from the entrance-blade  extension 
w a l l  to the  cooling air is given by: 

where T is  an integrated average w a l l  tanperatme f o r  the  entrance- w, 3 
blade & t e I l S i O R ,  T',,3 is the average  coolfng-air t eqera ture  in the 
entrance-blade  extension, and the  blade-to-coolant  heat-transfer 
coefficient €Ig (in  the  notation of this report) is given by equ-  
tion  (4c)  in  reference 4 (p. 168) as 

%%, 3 0.8 0.4 
k3 

= 0.023 Re3 Pr3 
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. 
Reg = w41,3 

A3 p3 

The gas properties  are evaluated on the average  cooling-air  temperature 
in  the blade extension. 

Because 

q3 = 5 , 3  AT'3 

equation (23) and (23) may be combined t o  give 

The temperature r i s e  of the  cooling air i n  the  entrance-blade  extension 
is given by equation (24).  In ordler t o  calculate AT'3, base the gas 

properties on TV1 and then substitute the relationship 

. 

.. 

Ttm13 = 'z aTf3  + TI1 in equation (24). Once ATt3 is known, it can 
be added t o  TI1 t o  obtain Pin. This same procedure was agplied t o  
the  exit-blade extension wherein ATI4 was subtracted from T I 2  t o  
obtain T I a .  

I 

Once the static  pressures and coolhg-a i r .   to ta l  temgeratures at the 
blade  entrance and .exit and the cooling-air weight flar through the 
blade are known, the Mach numbers a t  the blade  entrance and exit may be 
determined as befare f r o m  the relation given by equation (3.8). Then, 
the method discuseed in reference 1 can  be  used t o  ccqpute the  f r ic t ion 
coefficient f In equation ( 8 ) .  This method consists  essentially i n .  

assuming a value' of f, solvhg equation ( 8 )  numerically for Min with 
a known s t a x t i n g  value of & and adfusting f unti l   the  value obtained 
for M h  a g r e e s  with  the known observed value. The value of % and 
2 are determinedfrom table I of reference 3.-..-A-detaired method for 
solving equation ( 8 )  is preqented i n  reference 3. 

b 
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Method of Evaluating Parameters for B h r p W i e d  Equations 

1 The simplified one-dimensional flaw equatfons  (equations (9) and 
(11) ) i n  conjunction  with  equation (1) may be used to  calculate a blade- 

N entrance s t a t i c  pressure once the exit Mach number, coollng-air tempera- 

E ture distribution,  blade geometry, blade-passage friction  coefficient, 
and equation parameters are known. me w e  ~f equations (9) and (11) 
for determining M?h involves some successive approximations  because 
tMs  unknown number occurs in the equation more than once, but It does 
not take long c q a r e d   t o   t h e  tlme required for the numerical integrations 
of equations (2) and (8) . A sample calculation wherein equation (9) is 
used t o  camgute a blade-entrance static  pressure far a typical  heat- 
transfer study IS presented in appendix C. The use & equations (9) and 
(ll) necessitates the evaluation of the parameters C P  and $; the method 
of obtaining Fp and $ is therefore lliscussed i n  the follcrwfng 
sections. 

UI 

Evaluation of parameter cp for simplffied. equation. - We  parameter 
Cp may be determined. from equatfon (10) once the distribution of $TI 
is known. Because this distribution may be obtained from a numerical 
solution of equation (a), and equation ( 8 )  w a s  used t o  determine f r ic t ion  
coefficients for the heat-transf er study, the parameter CP will be 
evaluated for the  experimental data of this investigation. 

When Cp is calculated from equation (lo), the integral may 

be written i n  $he form - dT's* because ZCydy is a constant value w M2T' 
since  the  cooling-air temperature distribution curve was assumed t o  be 
l inear  in this investigation (y is a dimensionless number which is 
measured frcm the  blade exit to   t he  blade  entrance) . Therefore, when 

cJ 2 ia substituted in  equation (10) , the denominator of equa- 
dy M?T' n- 

t ion (10) becomes because -dT'/dy = T'- - 
the  distribution of I$ and T' is known for all of 
studies, cp can be calculated frcm equation 

In order t o  determine the parameter Cp 

transfer  studies,  the  integral S,'s which 

tor of equation (10) may be evaluated by the 
equation (8) . 

(10) for 

T1 in. Thus, when 

the heat-transf er 
each of the  pointa. 

in the  case of no-heat- 

will appear in   the  denomina- 

direct  integration of 
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Ekaluation of parameter $ for eimglified  equation. - The parameter 
$ is determined from the experimental data of t h i s  investigation  in the  
same manner that the parameter Cp is determined. That is, a distribution 
of M is obtalned fram a numerical solution of' equation (8) and the 
cooling-air  temperature  distribution is assumed t o  be linear. Then, $ 
is evaluated from equation - ( U )  . 

Method of Obtaining  Experimental  Entrance Loss Coefficient 

An experimental  entrance loss coefficient fo r  the  entrance  section 
of the 10-tube blade is obtain& by plotting  equation (17) on logarithmic 
coordinates and determinin@; K frcan the plot. 

RESULTS AND DI6CUSSIQN 

The results of the  experimental  investigation of blade passage- 
friction  coefficients for the two air-coolea  blades are presented i n  
figures 4, 5, and 6, and are discussed in the following sections of thia 
report, Also, figures and discussions of the  simplified flow equations 
and, the effect of entrance  losses a r e  presented. .. . 

In presenting  the  results of this investigation, the parameter 
chosen t o  represent the heat-transfer  effects is the  ratio of the 
canbution-gas  temperature to   t he  blade  entrance  cooling-air  temperature 
Tgg/TIin. me parameter generally used in  theoretical  studies (see 
appendix D) is the ra t io  of the w a l l  temperature to the temperature of 
the  cooling air. In a practical  design problem, the gas temperature is 
known and the  cooling-air  temperatures can be readiiy  de~ermined whereaa 
the wall temperature is usually unknown and it is difficult  t o  calculate. 
It w i l l  be sham later that a change of 100 percent in the t e s t  condl- 
t i ons  of this  investigation  affects  the computed blade  entrance s t a t i c  
pressure less than 5 percent.  Therefme,  the  ratio Tfg/T1 in, although 
not an ideal parameter, can be used over an extensive  2ractical range. 

- .. 

merimental  Blade-Passage Friction  Coefficients 

Friction  coefficients were obtaiaed f o r  the no-heat-transfer  studies 
so that  the  resulting  values coulcl  be  compared with values of the f'ric-kion 
coefficient  obtained for isothermal flow in  round pises. Reverse heat- 
transfer investigations were conducted in order t o  extend the  data for"  
determining the effect of heat  transfer on friction  coefficienta.  

" 

. - -  
. " 

" 
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No heat  transfer. - The values of the  friction  coefficient f for 
the 10-tube and =-fin blades, as determfned from q e r h e n t a l  data and 
equation (7), are plotted  against Reynolds number in fi@Fure 4. The gas 
properties in the Reynolds number are evaluated by use of the average 

i s t i c  dimension is the mean hydraulic  diameter, that is, 4 times the 
t o t a l  free-flow  area  divided by the   to ta l  wetted  perimeter. 

. 
Iu of the  blade  entrance and exit cool inpair  temperatures;  the  character- 

Kl 
ut 

Friction  coefficients are compared with  a  curve computed frm yon 
&&I 8 equation for  turbulent flow in a smooth round pipe. !his 
equt ion is (reference 5) 

E =  4.0 log (.. 6) - 0.40 

Most of the  values of f for the 10-tube  blade are slightly above the 
von K&& line, and a  curve drawn through the  points would l i e  5 or 
6 percent above the line. A table, based on the results of reference 12, 
is presented in  reference 3 wherein the vdues of f obtained from von 
K&&'s equation may be corrected for entrance  conditions when the 
length-to-diameter r a t i o  is known. In the  present  case,  the  length-to- 
hydraulic-diameter ratio for the 10-tube bkde  is 38. 'Ihe table In 
reference 3 gives a r a t i o  of f/fm = 1.05 for a length-to-diameter 
r a t i o  of 40. Therefore, if the values of f which w e r e  obtained for 
the 10-tube  blade had the entrance  effects  eliminated  according t o  
reference 3, they would be reduced approximately 5 percent and the agree- 
ment between the 10-tube  blade  values of f and von K&u&'s l ine   wo~ld  
be improved. 

All of the  values of f for the l3-f in blade fall below the von 
Kt&m& line, about 10 percent on the average. The length-to-diameter 
r a t io  is 52 for   this  blade; therefore,  the  ratio of f / fvK is about 
1.01 by extrapolation from reference 3. Consequently, the values of f 
for the =-fin blade would l i e  approximately ILL percent below the von 
K&m& l ine  when entrance  effects  are  considered. This behavior of f 
has been absemed in reference 8 wberein friction  coefficients were 
determined for three  different  rectangular  ducts ha- gaps between the 
side w a l l s  of 9/16, 1/4, and 1/8 inch. In turbulent flow, a t  a given 
Reynolds number, it was observed that f decreased as the gap  between 
the w a l l s  decreased. For the 1/8-inch-gap duct, which has a large  aspect 
ratio,  the experimental  values of f were approximately 12 percent below 
the  l ine fo r  turbulent flow In smooth round pipes as sham in figure 4. 
These results were attributed t o  the narrowness of the rectangular  ducts. 
That is, in  turbulent flow, a large par t  of the  pressure drap is caused 
by eddy f ornations, and anything which tends t o  reduce  these  formations 
should also act t o  reduce f r ic t ion  loss. The results aP this  investiga- 
tion show the same trenii as the results reported in reference 8. 
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Heat transfer. - The values of .for $he l&tube b lade  with  heat 

transfer  are  plotted  wainst Reynolds number i n  figure 5. Each p a r t  of 
figure 5 represents a different temperature ra t io  and therefore  a differ-  
e n t  ra te  of heat transfer. (The temgerature ra t io  . TIg/T' in is used 
only to signify a ra te  of heat transfer. ), A l l  of the values of f for 
heat transfer are conpared with von & r m a n f  E line. Comparison of parts - 8  
(a)   to   (e)  of figure 5 shows that when the  teaperatwe  ratio is  0.57, . - +  

most of the  values of f are above the van Karman Une As the temp&a- 
ture  ratio  increases  gradually  to 3.08, the  values of f move downward 
u n t i l   a t  a  ratio of 3.08, most of them ere approximately 24 percent 
below the von K&& m e .  Therefare, as. the temperature ra t io  and thus 
the heat-transferincreaes,  the  air-cooled-blade coolant passage fr ic t ion 
coefficient shows a  distinct downward trend from the  friction  coeffici&ts - 

obtained f OT the case. .of T ~ B  heat.  trassfer.. ... . . .. .- 

.. . I 
3 -. 

" - 

# #  . ,  " 

. -  

" 

: " 

. . . - . - - 

In order .to s e p r a t e  the temperature trend from the. Reynold6  number 
effect, advantage is taken of the  fact  that over a  Umited range of 
Reynolds  numbers, 5000 to 200,000 (reference. .4), f varies  inversely 
as Reoo2. Thus, over the range of this investigation,  the product 
fKeoo2  should be coxistant when there is no heat transfer, and any changes 
in this product will be due t o  the  .effect of heat  transfer. In figure 6, 
fRe'*' is plotted  against temperature ra t io  and all Of the  points  at a - 
single temperature ratio  are averaged. The result i s  the . m e  shown i n  
figure 6, the  equation for wl?ich is 

. .  . -  

-. 

...~ 

fReoo2 = 0.0483 ( T T g / T ' b )  -0.189 (26) 

When deviations from the l ine  of the individual. observed points  are used 
t o  calculate  the probable error of a single  observation, and when this  
probable error is plotted above and below this  line,  the two dashed 
lines shown in figure 6 are determined. Thus, if a l l  of' the 94 data 
points used determine the line were plotted, half of them would be imide 
the dotted lines .md half would be outside. 

. .  

- 
. .  

. -  

- - "" 

This same trend, a  decrease of friction  coefficient with an increase 
of the  rate of heat  transfer to the  air  strem for turbulent flow, is 
reported in an investigation on a shgle  round tube (reference 13). 
Boundary-layer theory, as is shown i n  appendix D, confirma this behavior. 
That is, according t o  the  table i n  appendix D, the  friction  coefficienk 
should  decrease as the  rate of heat transfer t o  the cooling air increases 
for turbulent flow. Therefore, when the wal l  is h o t t e r  than  the  cooling 
air, the  value of f calculated from vbn K&&'a equation (equa- 
t ion (25) ) should be corrected by a temperature factor which in  the  pre- n .  

sent ca8e is ( T'~/T' in) -0.189 



NACA RM E52D01 Y 19 

nJ cn 

Accuracy of Calculated  Blade-%trance Static  Pressures When 

Friction  Coefficients U s e d  are Other Than Exact Values 

In the  calculation of air-cooled-blade  pressure drops, it is 
important t o  bow whether or  not  ordinary  pipe  correlations can be used 
i n  determining  a friction  coefficient.  Also, it .is desirable t o  know 
how sensitive the calculated  pressure is t o  e r r o r s  in the  value of f 
used i n  the flow equations. 

E r e c t  of von && friction  coefficients on computed pressures. - 
The effect on computed pressures of using the von K&& friction  coeffi-  
cients was checked  by calculating  blade-entrance static  pressures f o r  
a l l  of the data points  obtained for the 10-tube blade at a  temperature 
r a t i o  of 3.08. Equations (9) and (1) w e r e  used t o  compute pressures; 
the  friction  coefficient was determined with (8) a value of f calculated 
from von K&m6.n1s equation  (equation (25) ) and (b) 8 value of f cor- 
rected  to  account for the  heat-transfer  effect, that is, 

f = fa/(Ttg/T' in)-0'L89. The results of these  calculations  are  presented 

in  figure 7 w h e r e  the ordinate is the percentage  errar between calculated 
and  measured pressures, and the abscissa is the measured static  pressure 
a t   the  blade entrance. For the first case wherein fvK is used i n  
equation (9) (fig. 7(a) ) , the  largest errors that occurred are about 
6 percent; most of th& are much less.  For the second case wherein a 
corrected  value of f i g  used in equation (9) (see fig.  7(b)), the 
largest  deviations are about 3 percent. In both .cases, some  of the 
error  obtained may be attributed t o  errors i n  the experimental measure- 
ments of tge  static  pressures. %us, for cases w h e r e  a maximum error of 
about 6 percent is tolerable for the calculated  pressure at the blade 
entrance,  the ordinary von K&& value of f can be used in equa- 
t ion ( 9 ) .  If more precision is desired, fvK should be corrected by a 
taperatwe-correction  factor. 

Effect of er ro r  in  friction  coefficient on c-uted pressures. - 
As a further step, the  effect of error in the  friction  coefficient on 
the computed pressures was investigated.  Calculations of blade-entrance 
static  pressures were made w i t h  values of f in equation (9) w h i c h  
differ from the exact data  point  value of f by &O percent. The exact 
value of f was obta$ned frcan experimental messurements  and equation (8) ; 
consequently, calculations showing the effect of variations in f are 
not affected by experimental errors. These calcalations,  in w h i c h  f 
w a s  changed by 20 percent, were made for high exit Mach numbers where 
the  effect of friction  coefficient is the  greatest. With the  largest 
heat-transf  er  rate (TIg/T' in = 3.08), the resultant change i n  pressure 
wa6 approximately 3 percent. Sn the  case of no heat transfer, the pre- 
sure change was approximately 5 percent. IIZZUS, moderate errors  in f 
would not be serious in many applications when blade-entrance s t a t i c  
pres  sures  are  calculated . 

E. 
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Evaluation of Parameters f o r  Simplified Equations 

In practice,  equations (9) and (11) can be used for calculating  the 
blade-entrance Mach number Min when the  blade-exit Mach  number G, 
the  frictfon  coefficient f, the  blade  sp&,'the  hydraulic  diameter, 
the  entrance-and the exit cooling-air  temperatures T' in and TI ex, 
the angular velocity, and the  distance from the  turbine  center line t o  
the  blade  entrance  are lrnnm. Once Min is computed, the  blade-entrance 
static  pressure can be calculated from equation (1) . Because the use of 
equations (9) and (11) requires a knowledge of the parameters Cp and 
$, these parameters must be evaluated. 

merimental  evaluation of Cp for simplified  equation. - For the 
range of variables covered i n  this investigation , values of CP were 
calculated for all of the  heat-transfer ana no-heat-transfer  data  points 
by use of equation (10) . The values of cp, a h  varied from about 
0.89 t o  1.14, w e r e  plot ted against in figure 8(a). Each  tempera- 
ture r a t io  or heat-transfer  rate produced a  separate curve. The curves 
in  figure  8(a)  are  too far  apart  far  interpolating conveniently;  there- 
fore,  a cross plot was made in figure 8(b) where cp was plotted  against 
teqperature  ratio far a series of constant  values of b&. The experi- 
mental data used i n  evaluating . C p  were obtained in the 10-tube blade. 
'l%erefore, figures 8(a) and .(b) can be applied t o  a blade having a span 
approximately the same as that-  the  10-tube  blade (3.92 in. ) and 
having the same heat  hput.  For a  blade having an external  configuration 
similar to   the 10-tube blade, the  outside  heat-tramfer  coefficient 
w o u l d  be  approximately 136 gtu  per hour per square foot  per 9. The 
effect of changes In blade  span and heat-transfer  rate on T ,will be 
discussed in a subsequent section. 

3 

- .  

" 

Experimental evaluation of @ for simplified equation. - For the 
range of variables covered in  this investigation,  values of $ were 
calcularted for all of the heat-transfer and no-heat-transfer  data  points 
by u8e of equation (12). Values of +, which varied from about 0.36 t o  
0.50, w e r e  plotted  against Ma In figure 9(a) for four  temperature 

ratios.  For convenience, a cross  plot af figure 9( a) is presented. i n  
figure 9(b) where $ I s  plotted  against Ttg/T1 in for constant  blade- 
exit Mach numbers.  The data used i n  evaluating $ were obtained only 
on the 10-tube  blade. 

Influence uf blade span and outside  heat-transfer  coefficient 
on cp. - The parameter cp, which must be used in  the  simplified one- 
dimensional flow equations, was obtained from experimental results for * 

the 10-tube  blade. It is interesting  to Imaw, however, how CP variee 
with blade span and heat-transf er rate. Therefore, cp was evaluated 
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analytically f o r  blades having  spans shorter and longer than  that of the 
10-tube blade, and f o r  blades having an outside  heat-transfer  coefficient 
half as large and twice  as  large as that obtained for the 10-tube-bhde 
heat-transfer  investigations. 

IIhe blade  span of the  10-tube  blade was 3.92 inches. A longer 
coolant  passage might be expected to  increase Cjl and a shorter passage 
t o  decrease Cp because both the Mach number and the  temperature would 
undergo larger changes in a longer  passage  than in a shorter one. The 
magnitudes of these changes  were calculated f r o m  equation (10) by 
extending the Mach number and cooling-air temgerature-distribution curves 
an additional 2 inches of span, and then  reducing  the  length of the curves 
by 2 inches. The results of this calculation me shown in figure 10, 
where the  correction for cp in  percent is plotted  against the blade 
span. The rate of change of cooling-air  tesrperature per unit length w a s  
assumed t o  be the same i n  the additional span as in  the  original 10-tube- 
blade span. Four teqerature   ra t ios   are   sham  in   f igure 10. For no 
heat  transfer (Ttg/Tg in = L O O ) ,  the corrections fn rp are small, not 
exceeding 1 percent over the whole range. The variation over the range 
of spans increases  with  the  heat-transfer  rate so that when the tempera- 
ture   ra t io  is 3.08, the Q, correction  varies from. -9 percent a t  a 2-inch 
span t o  17 percent at a 6-inch span. 

The other  condition  that was kept nearly  constant during the  heat- 
transfer investigations on the 10-tube blade WBB the outsfde heat- 
transfer coefficient. The heat-transfer rate was varied by changing the 
temperature of the hot  gas. In order t o  fi&. what change would occur in 

if the heat-transfer  rate w e r e  varied by changing the outside gas 
flow, calculations of Cp were made f o r  values of H, half as large and 
twice as large as the  experimental  value of I36 X u  per hour per square 
foot per OF. The results of this  calculation are shown in  figure ll 
where the  percentage  correction for Cp is plotted  against H, for three 
temgerature ratios.  The magnitudes of these corrections  are  very similar 
t o  those produced by changes in  blade span, varying f r o m  4 t o  -1 percent 
for a temperature r a t io  of 1.75 and from over 20 t o  -8 percent for a 
temgerature r a t i o  of 3.08. The largest correction (24 percent)  occurred 
for a temperature r a t i o  of 3.08 and an Ho = 272 Btu per hour per  square 
foot per OF, w h i c h  is quite high for an outside surface. 

Effect of Changes in cp on -de-Ehtrance-Pressure Calculations 

Pressure  calculations are affectedby  the  values Chosen for cp when 
equation (9) is used. In order to   f ind  how the range of spans and heat- 
transfer rates shown i n  figures 10 and 11 would  affect  the  pressure  cal- 
culations,  values of rp taken from figure 8 for three exit Mach numbers, 
1.00, 0.424,  and  0.242, w e r e  increased and decreased by 25 percent and 
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* 
the corresponding pressure  deviations m e  caJ..culated. For an increase 
of 2 5  percent in cp, the  pressure changes were approximately 3, 4, and 
5 percent,  respectively. When Cp was decreased 2 5  percent,  the  pressure 
deviations were 4, 6, and 9 percent,  respectively. Thu8,over a  range of 
blade spans from 2 t o  6 inches and a  range of outside  heat-transfer 
coefficients from 68 t o  272 Btu per hour per square foot  per OF', the -K 
simplified  equation  (equation (9) )  and figure 8 should &ill give com- E 
puted  pressures  within approximately 5 pen&* -of the actual  values 
unless both extreme differences should combine in the 6- direction, 
that  is, a 6-inch span and a  temperature r a t io  of' 3.08, in  which case 
the e r r o r  might  be doubled. 

6c " 

. .  .. 

. ." 

" _ 1  

. .  

Accuracy of Simplified Flaw Equation When 

&plied t o  a  Rotating Turbine 

In order t o  check the accuracy of the sin@Wied flow equation 
(equation (U) ) as compared to the exact  equation  (equation (2) ) , a 
limited m b e r  of examples  were obtained wherein blade-enhance s t a t i c  
pressures were calculated for the 10-tube  blade using equations (ll) and 
(1) and equationa (2) and (1) . High value& of blade-exit Mach number 
were used in  these  calculations because the  largest  discrepancies between 
the  simplified and the  exact  equations would be expected a t  high values 

. . . -. . . 

9 

. .. 

+ .. 

Of %x' 
". . " 

A change  of 25 percent in the parameter cp did not have a  serious 
effect on blade-entranc-e-static  pressures  calculated  for  a  blade wl th  a 
stationary passage.  Therefore, a value of .q obtained from figure 8 
was used for  cpu in  equation (U) . The results of these  calculations 
show that blade-entrance  static.pressures  calculated from the sinrplifYed 
equation and equation (I) are within 0.50 percent of the %lues calcu- 
lated from the exact  equation and equation (1). 

" 

The conclusions  reached from these  calculations  are:  (a)  the _ _  
simplified  equation  (equation (11)) may be used i n  place of the exact 
equation  (equation (2) )  and thue the tedious numerical integration 
involved in the soht ion  of equation (2) will be eliminated and (b) no 
appreciable er rors  will result  if values of Cp obtained from figure 8 
are used f o r  'pa i n  equation (ll) . 

. . . ..- 
" 

- "  

- . -  

Entrance E f  ects 

In additi-on to  the  pressure drop through the  tes t  blade,  the  pressure - 
drop i n  the  entrance  section of the test blade w a s  also measured. The 
curve used f o r  obtaining the entrance loss coefficient in the entrance " 

c ". 
" 
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c 
section of the 10-tube  blade is  presented in figure 12. This  curve was 
plotted t o  determine the magnitude of the losses which occurred in  the 
entrance  sec'tion of this  air-cooled blade. According t o  reference 4, 
the maximum value of K which may be  expected is  0.50. In th i s  case, 
however, a v a h e  of K = 0.905 was calculated from the experimental l ine  

- 

co 
UI which w a s  determined  frcm equation (17). It i s   s t a t ed  i n  reference 14 
K that a sudden contraction produces losses that can be  completely  deter- 

mined only with  the  help of experimental data and that   the maximum value 
of K = 0.50 given in  reference 4 is  a t  most only an approximation. The 
value of K = 0.905 obtained for  this  particular  blade-entrance  section 
is therefore not unreasonable. Also, it i s  evident frm experimental 
data that i n  many cases  the  pressure drop through the  entrance-blade 
extension may be as  large as that through the  test  blade. 

The conclusion  reached in  this  investigation of entrance  sections 
is that such losses may be  quite large, comparable with  those  inside  the 
blade, and they should be measured in any study of design  perf ormance. 

RECOMMENDED PROCEDURE FOR CALCULATION OF ROTATIE 

AIR-COOIED-BWE IXESSURE AROP 

In many air-cooled  aircraft-engine  applications,  the  cooling  air 
required for the engine would be blea f r o m  the engine compressor. The 
blade-entrance s t a t i c   p ra su re  pin is used in  determining the compressor 
bleed-point. It is desirable t o  calculate pin with  the least amount 
of effort; consequently, it is suggested that   the  siqlified one- 
dimensional  flaw  equation (equation (=) ) be used in  conjunction  with 
equation (1) t o  calculate an over-d pressure d r q e  through a  rotating 
air-cooled  blade i n  order t o  ellmbate  the  labor  required  in  the numerical 
integration of equation (2 ) .  III most practical  applications of equa- 
t ion (U), the gas-to-blade and blade-to-coolant  heat-transfer  coeffi- 
cients, the gas  temperature, the  required  cooling-air weight flow, the 
angular  velocity of the  turbine, and the blade geometry w i l l  be deter- 
mined from the  turbine- and the  cqressor-design  calculations. The 
solution of equation (U) for  the  determination of the  blade-entrance 
static  pressure also requires that the  blade-exit  static  pressure pex, 
the  blade-entrance and -exit  cooling-air  teqeratues Tf in and T*=, 
and the blade-passage friction  coefficient f he known. The blade-exit 
static  pressure is generally assumed t o  be equal t o  the  static  pressure 
of the combustion gas just downstream of the  turbine;  this assumption 
has not been verified experimentally. The value of P i n  required for 

- equation (ll) is the same as the  value of T' in used i n  determining the 
required  cooling-air weight flaw. In many cases this  value of T' in, 

a which is used as a first  approximation, is usually equal to   t he  t o t a l  
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temperature of the air at the compressar exit .  Once a value of Tuin 
is extabushed, TI, may be  determined from equations  pregented in 
reference 3. It is assumed that  the  friction  coefficient is not affected. 
by rotation as long as the flow through the blade is one-dfmemional. 
D o ,  it was shown that a change of &20 percent in f did not have a N 
serious  effect on the blade-entrance  pressure. It ,is suggested., there- 
fore, that a value of f be  determined from von Har&'s equation 
(equation (25) ) wherein Re is based on the average cool ing-a i r  tempera- 
ture in  the  blade. 

i? 
. .  . " - 

After T' iny T' a, and f are determined, the procedure 
outlined in appendix C i s  followed except that for a rotating  turbine 
the terms due to ro td im ere considered. Values for  the parameters 
Cpcu and $ are determined from figures  8(b) and 9(b),  respectively. E 
the  blade under consideration has a span and an outside  heat-transfer 
coefficient different fromthose of the  10-tube blade, figures 10 and U 
are used to  correct  the  value of cpu, obtained from figure 8(  b) . It i o  not 
necessary t o  correct -9 i n  this. manner because over the range of values 
observed for 9, the  factor l+b/rinq changes only 3 percent. Thus, II 

the maximum correction  to $ similar to  that  required for Vu would at  
most change l+b/r only by 0.6 percent. 

- 

The value  obtained far pin in conjunction with the punsing char- 
acterist ics of the  turbine  rotor is used to determine the compressor 
bleed-point. If the air temperature a t  this bleed-point I s  significantly 
different fran the value used for the initial value of TI in, it may be 
necessary to calculate a new value o f  cooling-air weight flow and blade- 
entrance static  pressure w i t h  a new value of T I i n  baaed on the comgres- 
sor bleed-point t w e r a t u r e .  

The results of an investigation wherein the  pressure and t eqera ture  
changes i n  the cooUng air flawing  through two air-cooled-  turbine-blade 
configurations were measured experimentally in  a s t a t i c  cascade for both 
isothermal and nonisothermal flm are sumuwized as follows: 

1. When no heat..transfer occurred, friction  coefficients  obtained 
f o r  the 10-tube  blade..  agrexd w i t h  vklues calculated from von K&&'s 
equation for turbulent  f low i n  smooth round pipes. Friction  coefficients 
obtaiped ,for the 13-f i n  blade were approximately 11 percent below the * 

van K a r m a n  values,-but  they were in agreement with friction  coefficients 
obtained f o r  small rectangular  ducts of large aspect ratios. 
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2. When heat transfer occurred, the  friction  coefficients decreased 

behavior is obsemed i n  turbulent-boundary-layer  theory. For a tempera- 
ture r a t io  of 3.08, the  friction  coefficfen$s for the  l0-tube  blade were 
approximately 24 percent below the von Karman values. 

- from von &D&I s values  as  the rate of heat  transfer  increased. lkis 

ut 
N 

K 

3. A friction  coefficient determined from von &m&nts equation may 
be used w i t h  the  simplified  equation for calculations of blade  pressure 
drops if an error of 6 percent in  the ccquted blade-entTanc,e pressure 
can  be tolerated. E greater accuracy is desired, von Karman's value of 
f may be  corrected for the ef'f ect of heat transfer. 

4. S l q l i f i e d  one-dimensional flow equations were developed i n  
order to eliminate  the labor involved i n  the numerical integration of 
the  exact one-dimensional flaw equation. 

5. For air-cooled  turbine  bhdes  other  than  the 10-tube  blade  used 
in this  investigation,  that is, blades having spans frm 2 t o  6 inches, 
outside  heat-transfer  coefficients from 68 to 272 Btu per hour per  square 
foot per OF, and r a t io  of hot-gas t o  cooling-air tenperatwe frcm 1.00 
t o  3.08; the slqlif ied flaw equations and the  uncorrected  values of the 
equation  parameters would s t i l l  resul t   in  computed blade-entrance  pres- 
sures  within  approximately 5 percent of the actual  values unless both 
extreme differences occur together, in which case  the  error could be 
double&. 

6. The sbrplified  flow-equation  parameter develqped for s ta t ic-  
cascade  blades may be used for blades in a rotating  turbine. 

7. Entrance losses t o  air-cooled  turbine  blades may be quite  large, 
compared with the losses  imide  the  blade, and should be measured in any 
study of d e i g n  perf Ormance. 

Lewis Flight Propulsion Laboratory 

Cleveland, Ohio 
National Advisory Committee for Aeronautics 
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The symbols cp, M, p, Re, T1 ;w, k, r, p, and p refer t o   a i r  
passing  inside  blade  extensions and blade  passage. 

The properties -cp, k, p, ssd  p are evaluated (311 the average of 
the  entrance and eldt air temperatures i n  the passage under considera- 
t ion. 

The f o l l o w k g  spibols are used in th i s  report: 

flow area,  sq f t  or sq in. 
length or span, f t  or in. 

specific  heat a t  ccmstant pressure,  Btu/(lb) (9) 

hydraulic diameter, wetted pe rbe te r  
4 times  free-flow area, ft or in. 

. .  

f r i c t i o n  due t o  sudden cmtracti-on, ft-lb/lb f l u i d  

friction  coefficient- .. . 

nondlmensionalmeasure of velocity  gradfent at the w a l l  

.. . 
.. 

standard  acceleration of gravity,  ft/secz 

ccmvection heat-transfer  coefficient, B t u / ( h r )  (sq f t )  (9) 
.. " 

influence  coeffici-ent  for term involving rate  of area change 
(equation (6) ) 

function of Mach number and ratio of specific  heats  (equation (18) ) 

influence coeff'cient f o r  term involving friction  (equation (4)) ." . . 

influence  coefficient f o r  term involving  rotation  (equation (5)) 

- 

influence  coefficient f o r  term involving rate of temperature change 
(equation (3) ) 

entrance loss coe f f i c i a t  (equation (17) ) 

thermal conductivity, Btu/( aec) ( f t )  (9) 

pertmeter, ft ar in. 
Mach number relative  to  blade 
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h: Prandtl nmiber, cpp/k 

p measured s t a t i c  pressure, lb/sq f t  abs. (when used  with  subscript 
- 

c refers t o  calculated  static  pressure) 
N cn .s p' measured total pressure, lb/sq ft abs. 

q heat added to coolant,  Btu/sec 

R gas constant, f t - lb/(  lb)  (%) 
w p a  
& Re Reynolds number, - 

r distance frm turbine  center lfne t o  any point on turbine  blade, 
f t  o r  in. 

T s t a t i c  temperature, OR 

T' t o t a l  temgemture, OR (when used  with  subscript g refers t o  a i r  
or collibustion gas passing over blade) 

V velocity  relative to blade  passage,  ft/sec 

w air weight flow, lb/sec 

x distance along surface, f t  or in. 
y nandimensional coordinate, ('in + - r, - distance from blade exit 

b 
- 

blade span 

y ra t io  of specific  heats, 1.4 

p viscosity,  lb/(ft)  (sec) 

p mss density,  lb/cu ft 

cp parameter (see equation (10) 

$ parameter (see  equation (12) ) 

u) e a r  velocity,  .radians/sec 

Subscripts : 

B blade 

ex blade exit 
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Q 

I 

i 

in 

m 

0 

vlz. 

W 

w 

ccmibustion gas 

temperature ratio, T'  $T' in = LOO ( isothermal) 

inside of blade 

blade  entrance . 

mean  value 

outside of blade 

von KLrlLll 
W E h U  

distance along surface 

entrance phnum chaniber 

exit  plenum c-er 

NACA RM E52D01 

entrance-blade  extension 

exit-blade extension 

rotating  turbine 

Q, main stream 
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where 

M2 (1 + yN2)(1 + %M -1 2 ) 
%?= . (3) 1 - M2 

&' (1 + r-1 M2) 
?e' 

G 

1 - M  2 

l + q M 2  
IR = G 

rar2 

2M2 (1 + 9.") 
IA = - 

1 - M2 
E the r o t a t i d  tern and the  tern for varying blade-passage area are 
eltrnimted and equation (2) is divided through by If, 

Substitution of equations (3) and (4) i n  equation (Bl) y i e l h  
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Equation (B3) is integrated with the f ollming limit 8 :  

M; frm to M i n  

'I!; frum T'ex to T'b 

y3 from 0 to 1.0 

For no heat transfer, equation (€33) reduces to 

where  Integration by p a r t i a l  fraction yields 

035) 

and 

Therefore,  equation ( ~ 4 )  

for the 

For the 

no-heat-transf er 

M.,,2 1 + 0 .2  MF,2 

M b 2  1 + 0.2 + % 
+ 1.2 In - 922 

case. 

case of heat transfer,  equation (B3) becomes 

may be integrated to 
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By exact  integration 

s) 
tn 

determined fram elrperimental  evidence, however, that the  true mean of 

M ~ T '  
- equals  the  arithmetic ruean of - xithin d 2  percent. m e -  

M?P 
fore,  the parameter Cp is introduced in order t o  evaluate  the  integral sz. The parameter cp, a pure nurziber, is a ratio of the  arithmetic 

and the true mean of - and is defined as I 

M ~ T I  

Therefore, for  the  heat-transfer case equation (B7) becclmes 

Equation (9) is a simplified one-dimensional flaw equation f o r  an air- 
cooled turbine  blade having a stationary passage d a constant  flow area. For a rotating  turbine,  the blade coolant flow area is  assumed t o  
be constant a d  the  values of IT, If, ssd IR my be substituted in 
equatim 62). Thus, because of rotation  equation (B3) will contain  the 
additicmal  term 

For subsonic flaw, M2 < 1.00, the term (1 + 9 M2) does not have a 
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large ra.nge of values t h r o w  the blade. Therefore, when t h i s  term is 
integrated through the blade passage, a meeg constant  value can be used 

f o r  (1 + M2) without- much error. 'phis mean value is 

Integration af equation (B9) yields 

Integration of the  integral (BIl) gives 

The integral in equation  (10) may be  written. in the farm 

FJM& because the cooling-air twera ture   d t s t r ibu t ion  curve is 

JiG- 
aseumed t o  be linear in this investigation. When gJM-- is sub- 

rp= 

If equation (Bl3) is sas t i t u t ed   i n to  (B12) wherein Cp becomes Cpo, for  
a rotating  turbine,  the  result is 

r 1 

I. + b - 
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or 

if the  parameter f in equation (BE) 

p . 0  /-Y 

+ '$1 
is defined as 

33 

Then, for the case of a rotating turbine the  simplified one-dimensional 
flow eqution may be wrftten 

1 1 -t- 0.2 M h 2  + @ + rln- ex + 
T' 

" + 1.2 In- 
M i p 2  - M, M h 2  1 + 0 2 M, T' in 2 2 %  
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The blade-e&mce  static  pressure for a typical  heat-transfer  case 
w i n  be calculated using equatione (9) and (1). The data required fo r  
thi6 numerical example are as follows: 

. ." . .. 

0.00126, sq ft 

0.327, f t  

0.008615, f t  

0.00565 

1145, lb/sq ft abs 

53.3, ( f t - lb) / ( lb)  (9) 

1465*, R 

459', R 

659O, R 

0.03932, lb/sec 

1.4. 

132. 3X10'7, lb/( sec) ( f't) 

The cmputatims axe as follows: 

Calculate I& from equat5on (18) and table I of reference 3. 

= 0.7236 -. 

maw, it is desired to calculate M i n  and pin fram the  simplified equa- 
t ion (9) and eqmtian (1). 
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1 1 

The f ollowlng quantities required i n  equation (9) are calculated 
f ran hown qerimen4x.l o r  calculated values. 

1 

%x2 

4yfb = 1.199 Pn 

- = 1.9m 

M& 1 4 . 2  M h 2  
It is now necessary t o  assume values far 1.2 In 7 

M- 1+0.2 b X 2  

determined. S t   i a  suggested that  a value of 1.00 be assumed f o r  
M& l"0.2 M h 2  

1.2 In - for a s t a r t f n g  value. IIfhe f ollawing values are 
M i n 2  l"0.2 GX2 

suggested for (TteX - Tth) ( 

By use of the knuwn and the suggested - values fo r  the various  terms 
in equation (a), a start ing value for - can be  obtained. I 

Min2 



7- - 1.910 + 1.000 + 1.199 + 0.506 + 2.000 (see  equation (9))  
M i 2  .. . - - 

I 7 = 6.615 
M i n  

fram w h i c h  

M F ~  = 0.3889 

NOW, w i t h  M b  = 0.3889 and Mex = 0.7236 

G2 1 + 0.2 M i n 2  
1.2 In - 

M b 2  1 + 0.2 h2 
= 1.405 

The true  value of ( T ' , ~ - T ~ ~ ~ )  (&) can be obtained by determining CP 

from figure 8(b) a8 1.ll9. Thus, the true value is 

1.L19= 1.547 

Substitution of these new values i n  equation (9) gives 

" - 1.910 + 1.405 + 1.199 + 0.506 + 1.547 
Min2 

" - 6.567 

This results in an error of 0.048 between the starting value and 
_. -3 

f h a l  value of -. IY . = 6.567 i s  used as the new start- 
Min Min2 

value and the same procedure is  follawed, 

- l. = 6.550 
MjJi 2 
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U n 

There is an error of 0.017 between st&Tng and final values of - 1 
1 M& 

Now, - = 6.550 is used as a s t a r t i n g  value and the resulting final I 

M i n 2  
value is 

1 - = 6.543 
M b 2  

with an error of 0.007 between the starting and ffnal values of - 1 
-8 P e h Z '  

Because this error is insignfficast, - - - 6.543 will be used. There- I 

M i n 2  
fore, 

= 0.3908 

The blade-entrance static pressure is  then calculated froan equa- 
tion (I) 

= 1832 lb/sq f t  ab8 

The observed value of pa is 1835 lb/sq f 't  abs 
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~EORE'PICAL EFKECT a~ m TRANEPEB cw FRICTION CCIEFFIC~NT 

It i s  &awn in reference 15 that i n  the case of a laminar boundary 
layer  the  friction coefficient is 

where f trW is a non&u.ensianal measure ccP the velocity gradient at the 
wall., T, is the stream  temperature, asd Tw is the w a l l  temperature. 

In reference 14, the Reynolda nuPiber of eQuatian ( D l )  is defined  as 

whereas in  the  present  investigation 

Thus, for this investigation  equation ( D l )  becams 

Mhen the following equaYties are used: 

and 

N 

E 

Equation (I&) beccuaes 
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f =  

E the temperature r a t io  is 1.00, equation (D7) become8 

so that 

E the boundary layer becomes turbulent, then f w i l l  vary a8 
instead of and thus fo r  the  turbulent  case  equation (D9) 

becomes 

Values of f "w, given i n  table I1 of reference 15 for an Euler 
number of 1.00, appear i n  the first two columns of the following table. 
The values appearing in  the remaining columns are  calculated according 
t o  the indicated headings. 

5 I 6 

- (laminar) f~ {turbulent) f 
f, I f  
I 

Equation (D9) I Equation (D10) 
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The values of f . I t w  shown i n  column 2 
the  turbulent one. The relative values of 

are f o r  the laminar case, not 
frrW are not known exactly .. 

for  the  turbulent boundary layer, but it i s  knm that the  effects OF 
changing the  pressure  gradient a~@ the.   wall   tqerature.   ere  proportion- 
ately  less  for a turbulent boundary Layer than for a dnar one. * For . " 
example, the effect of a variable wall temperature on the  heat-transfer 
coefficient (analogous t o  f'lW  according t o  Reynolds) has been calculated 
for a laminar boundary layer in  reference 16, and for a turbulent boundary 
layer  in  reference 17. For the same wall-temgerature  variation,  the 
r a t io  H/HI is consistently smaller for the  turbulent layer. Therefore, 
the  relative  increase of f t rW should be smaller and the  relative decrease 
of f /f  I i n  column 6 should  be larger. than that sham. In  conclusion 
then,  the  trend shown in column 6 should be correct  but  the magnitude is 
probably too small. 
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TAB= I - S-Y OF OPERATI% CORDITIONS 

Numb& " p e  ;of investigation Approximate &prox*hate 
of gas t-er- cooling-air 

25 
8 
9 
6 
10 
8 
10 
8 
10 

ature . .  

( O F )  
mo heat  -tiansfer 100 - 
Heat transfer 300 
Revwse-heat  transfer 100 
Reverse heat"  transf  er 100 
No heat  transfer 100 
Heat transfer 1000 
no heat- transfer 100 
Heat transfer 1000 
Heat transfer . 600 

. .  

tenqerature 
(9) 
100 

500 
300 
100 
-30 
100 
-30- 
-30 

-30 

24 I No heat  transfer I 85 I 85, 

RM E52DOI 

T 
Co0ling"air 
weight flow 
per blade 

( lb/sec) 

0.006-0.051 
.OU" ,057 
.02- .037 
.014- -048 
,012- ,051 
.OB- .a9 
-010- -053 
.OX- -052 
-017- .053 

0.008-0.063 
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Figure 2. - C a e c a &  geometry. 
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Figure 3. - Cross-eectional view of air-cooled turbine-blade configurations used in this 
investigation. 
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Figure 4. - Comparison of variation of f r ic t ion  coeff ic ient   with Reynolds 
number for 10-tube and L3-fFn bla&s with vm I d r n h ' s  equatiotl' for  
flow i n  m o t h  pipes  ( T ' d T t i n  n 1 .OO) . z * 
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Figme 5. - Effect  of heat transfer on f r i c t i o n  coefficient for 
10-tube blade. 
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(a) T'$T', = 2.37. 

Figure  5. - Conclu&Q. E f f e c t  of heat transfer on fric- 
tion coefficient for lo-tube bLBde. 
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Figure 6. - Effect of temperature  ratio on fric- 
tion coefficient.  Outside  heat-transfer coef- 
ficient, Eo, 136 Btu per haur per square foot 
per  9. 
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25 26 27 20 29 30 3i 
Measured s ta t ic   pressure a t  blade entrance, In. IIg abs. 

(b) Friction  coefficients determined from von & A r s  equation and 
corrected for. effect  of heat  transfer. 

Figure 7 .  - Variation between calculated and measured blade-entrance  static 
pressures for 10-tube blade when theoretics1  friction  coefficients are 
used i n  shplified flar equation. (Trg/Ttln = 3.08.) 
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B l a d e - e x i t  Mach nunher, & .  

(a) V a r i o u s  temperature ratios. 
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Temperat= ratlo, T ' g/T ' in 
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Figure 10. - Effec t  of blade span on parameter cp for constant 
outside heat-transfer coefficient Ho of 136 Btu per hour P e r  
square foot per 9. ' 
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Outside heat-tranef er coefficient, €b 
Btu/( hr) (sq f t) (9) 

NACA RM E52D01 

Figure ll. - Effect of outaide hea t - t ransfer  c o d -  
f i c i en t  on parameter cp fo r  conatant blade epan 

of 3.92 inches. Outside heat-transfer cceef-i 
f icient,  Ho, 136 Btu per hour per square foot 
per OF. 
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Figure 12. - Curve used for obtaining entrance loss 
coefficient K in entrance eection of 10-tube 
blade. 
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